Narrow-leafed lupin (Lupinus angustifolius L.) cultivation was transformed by two dominant vernalisation-insensitive, early flowering time loci known as Ku and Julius (Jul), which allowed expansion into shorter season environments. However, reliance on these loci has limited genetic and phenotypic diversity for environmental adaptation in cultivated lupin. We recently predicted 
INTRODUCTION
A lack of phenological diversity is problematic for two main reasons. Firstly, despite the profound influence Ku and Jul have had in adapting narrow-leafed lupin to short-season production environments, many regions still lack options for cultivars adequately matched to their respective climates (Berger et al., 2008a; Berger et al., 2012b) . The southwest of Western Australia and the eastern states of Australia are two such regions, where longer growing seasons coupled with reduced evapotranspiration could support later flowering cultivars and achieve higher yields (Chen et al., 2017) . Secondly, the reliance on Ku and lack of genetic diversity due to domestication bottlenecks will reduce the ability of breeders to select stress tolerant cultivars adapted to climate change, which threatens future yield potential of lupins and crop harvestability (Nelson et al., 2010a) . New genetic variation for phenology is required to increase the adoption of narrow-leafed lupin in longer-season environments and to maintain or extend feasible production zones in the face of climate change.
Recently, the genetic identify of Ku was revealed as a FLOWERING LOCUS T (FT) homologue, LanFTc1 . In Arabidopsis, FT has a well-defined role as a floral integrator gene, coordinating signals from the vernalisation, photoperiod and circadian clock pathways to promote flowering at an opportune time (Turck et al., 2008) . A 1,423 bp deletion in the promoter region of LanFTc1 was implicated as the casual mutation for the Ku allele, as its presence was perfectly predictive of vernalisation responsiveness in 216 wild and domesticated accessions and was associated with de-repressed expression of LanFTc1 in the absence of vernalisation . Given the demonstrated capacity for mutations in the non-coding sequence of this gene to modify its expression and plant phenology, we endeavoured to find other polymorphisms that may affect cis-regulation of LanFTc1 and provide alternative sources of flowering time variation. Here, we report the discovery of a series of insertion/deletions (INDELs) in the 5' regulatory region of this gene which are associated with altered vernalisation responsiveness, flowering time and LanFTc1 gene expression in the absence of vernalisation.
MATERIALS AND METHODS

Screening for polymorphisms within the genomic region of LanFTc1 in diverse germplasm
Polymorphisms in the LanFTc1 genomic region were explored in a panel of 48 narrow-leafed lupin accessions (Table S1 ) comprising: (1) the species reference genome cultivar, Tanijl (Hane et al., 2017) ; (2) 43 accessions, including 30 genetically diverse wild accessions representing the natural geographic range of the species throughout the Mediterranean Basin (Mousavi-Derazmahalleh et al., 2017 ) and 13 fully-or semi-domesticated accessions from Australia and Europe, all for which shortread sequencing data were generated to assemble the LanFTc1 region; (3) Krasnolistny, the first cultivar described as carrying the Julius early flowering time locus (Mikołajczyk, 1966) ; (4) and three Polish cultivars (Kazan, Mirela and Sur) with Krasnolistny in their pedigree (Kubok, 1988) .
The genomic sequence encompassing roughly 7 Kb upstream and 2 Kb downstream of the LanFTc1 coding region was extracted from the Tanjil narrow-leafed lupin reference genome (Hane et al., 2017) plus the 43 accessions with short read sequencing data by aligning Illumina Paired End reads from each accession to the Tanjil reference using Bowtie2 v2.2.9 (--sensitive) (Langmead & Salzberg, 2012) . Variants were called using samtools and bcftools (Li, 2011; Li et al., 2009) , which were then filtered to remove artefactual sequence variant calls arising from misalignments close to large (> 1,000 bp) insertion/deletions (INDELs) and polymorphisms that were physically disrupted by others.
Both Tanjil and the P27255 wild-type LanFTc1 sequence (GenBank ID KT862491) served as references to genotype the 1,423 bp insertion/deletion (INDEL) polymorphism previously identified by Nelson et al. (2017) in the 5' regulatory region and to survey for other alternative INDEL variations in this same region. After discovering additional INDELs in the 7 Kb sequence upstream of This article is protected by copyright. All rights reserved.
LanFTc1, PCR primers were designed in the immediately adjacent sequences to screen for presence/absence of these INDELs for those accessions (Krasnolistny, Kazan, Mirela and Sur) for which no re-sequencing data were obtained. A summary of the INDELs the different PCR primers assay and the conditions for PCR amplification are provided in Table S2 . To confirm the size and boundary of the newly identified INDELs, as determined from alignment of the short read sequences to the P27255 and Tanjil references, the nucleotide sequence of PCR products was determined by Sanger sequencing.
Additional INDELs and single nucleotide polymorphisms (SNPs) were also assessed in the coding and remaining non-coding sequences within the extracted LanFTc1 genomic region in the 44 wild and domestic accessions using Tanjil as the reference genome. The P27255 wild-type LanFTc1 sequence (GenBank ID KT862491), encompassing approximately 5 Kb upstream and 800 bp downstream of the LanFTc1 coding region, was used as the reference to call variants within the 1,423 bp sequence in the 5' regulatory region that is deleted in the Tanjil reference genome.
Measuring degree-days to flowering and vernalisation responsiveness in diverse germplasm
The panel of 48 diverse accessions was phenotyped for time to flowering in two partially replicated trials (n = 1-3, as outlined in Table S1 ) for preliminary assessment of LanFTc1 polymorphism genotype effect on vernalisation responsiveness and time to flowering. The first trial included 40 accessions representing the 0 bp, 1,208 bp and 1,423 bp INDEL variants. Data were gathered for all accessions except for P22603, which failed to germinate. In the second trial, six accessions carrying the 5,162 bp INDEL were compared with ten representatives of the three other INDEL variants.
All seeds were germinated in Jiffy-7® peat pellets within a controlled environment room (CER) at The University of Western Australia (Perth, Australia), which was maintained at 20°C constant temperature and with a 14 hour photoperiod. Two vernalisation treatments were provided: (1) a full vernalisation treatment in which two-day old seedlings were transferred to a 4 °C room (14 hour photoperiod) for 32 days before transferring to the CER for a further 140 days; and, (2) a mild, partial vernalisation treatment, whereby seven-day old seedlings were transferred to the 4 °C room for a total of eight days before transferring to the CER for a further 140 days. A mild vernalisation treatment was preferred to a fully non-vernalising treatment where accessions with a strong vernalisation requirement would not flower at all. Thus, the mild vernalisation treatment was designed to allow the degree of vernalisation responsiveness to be measureable in the most strongly vernalisation responsive accessions. All plants were transferred to the controlled environment room on the same day with approximately the same accumulated degree-days (~190 degree-days, with 0 °C as the baseline temperature) and were placed in a randomised block design.
Flowering was scored immediately after anthesis, which was indicated by an erect standard petal (i.e. open flower) or the changing colour of petals. To accommodate the few accessions which did not flower within the allocated time of the experiment, even with mild vernalisation treatment, flowering time was transformed to rate of flowering by taking the reciprocal of the degree-days to flowering. Three-way ANOVA was performed on the rate to flowering data using Genstat V.18, with vernalisation treatment and deletion category as main effects, and accessions nested within deletion category to subdivide variance among and within categories. Category effects were compared using orthogonal contrasts by least significant difference (LSD). ANOVA was performed separately for each phenotyping trial, and residual plots used to identify outliers and check that errors were randomly and independently distributed. (Boersma et al., 2005; Kroc et al., 2014; Nelson et al., 2010b; Nelson et al., 2006) .
Seeds were scarified and imbibed in Milli-Q water for six hours before being immediately sown (nonvernalised treatment) or incubated in a darkened room at 4°C for 21 days in petri dishes (vernalised treatment). On the day of sowing the vernalised seeds, both treatments had accumulated approximately equal degree-days (calculated using base-line temperature of 0 °C). All plants were grown in a phytotron located at The University of Western Australia (Perth, Australia) with a diurnal temperature range of 18 ± 0.5 °C (day) to 14 ± 0.5 °C (night) and exposed to natural photoperiod (10-12 hours daylight during May to October 2017). Flowering time and degree-days to flowering was scored immediately after anthesis and the data analysed as outlined above.
This article is protected by copyright. All rights reserved. were conducted according to the methods of Taylor et al. (2016) and Nelson et al. (2017) . Briefly, the relative expression of LanFTc1 was calculated as the average cycle threshold (C T ) for two primer pairs, which had previously been designed by Nelson et al. (2017) using transcript sequences from the draft Tanjil reference genome assembly (Kamphuis et al., 2015) to be specific to LanFTc1 and to target unique portions of the coding sequence for gene-wide transcription assessment. The average LanFTc1 C T value was then normalised against Ubiquitin C (UBC), which had been validated as a robust reference gene under the same experimental conditions (Taylor et al., 2016) , and relative expression was finally expressed as 40-ΔC T . This method reports relative transcript abundance on a . The regressions were compared using orthogonal contrasts. The regression equations generated by Genstat were then used to plot smooth fitted curves, and we included the biological replicate data points for context (Figs. 3a, b) .
Characterising the LanFTc1 promoter region
Relative to P27255, representing the wild-type LanFTc1 sequence, three large, distinct INDELs were identified in the 5' regulatory region. Two of the INDELs, which were associated with modified gene expression and phenology, were assessed relative to the wild-type for the presence/absence of transcription factor binding site motifs previously identified by Nelson et al. (2017) . Putative binding site motifs were identified in that study using two open-access web-interface platforms, including:
JASPAR 2014, which contains CORE Plantae matrix models (Mathelier et al., 2014) ; and PLACE, which contains cis-acting regulatory DNA elements in plants (Higo et al., 1999) .
Assessment of linkage disequilibrium in the LanFTc1 genomic region
To determine the likelihood of other polymorphisms within the LanFTc1 genomic region being and 5,162 bp). All pairwise r 2 values (--ld-window-r2 0) were calculated using PLINK v1.9 (Purcell et al., 2007) . Default filtering settings in PLINK were used to remove markers with low quality or that were almost monomorphic from analysis. A linear adjusted association analysis was also conducted in PLINK v1.9 to determine the significance and strength of the association between the sequence variants and vernalisation responsiveness phenotype.
RESULTS
Screening for polymorphisms within the genomic region of LanFTc1 in diverse germplasm (Table 1; Table S3a ).
Importantly, no polymorphisms were found in the coding sequence. The genomic region features containing the most SNPs and INDELs (all less than 30 bp in length) were the large third intron and the 5' regulatory region, which contained approximately 50% and 32% of all polymorphisms. Variant calling using the P27255 wild-type LanFTc1 sequence revealed a further 17 SNP and eight small
INDELs (less than 20 bp in length) within the 1,423 bp sequence in the 5' regulatory region which is deleted in the Tanjil reference genome (Table S3b) .
( Table 1 preferred This article is protected by copyright. All rights reserved. To determine if the narrow-leafed lupin cultivars carrying Jul contain the wild-type sequence or one of the three deletion genotypes, a PCR-marker (Table S2 ) approach was used. This confirmed that Krasnolistny, the original Jul cultivar, and three Polish cultivars known to descend from it (Kazan, Mirela and Sur) contain the 5,162 bp deletion as detected in P29039 and Emir (Fig S1) .
Measuring degree-days to flowering and vernalisation responsiveness in diverse germplasm
To explore whether the four prominent INDEL variants in the 5' regulatory region of LanFTc1 may affect vernalisation responsiveness and phenology in narrow-leafed lupin, we phenotyped rate to flowering (reciprocal of degree-days to flowering) in the full panel of 48 accessions under both mildly and fully vernalising conditions across two trials, with 39 accessions in the first trial ( Fig. 2a) and 17 accessions in the second trial ( Fig. 2b) (Table S1 ). In both trials, there were strong INDEL variant by This article is protected by copyright. All rights reserved.
vernalisation treatment interactions (P < 0.001), in which vernalisation response was consistently proportional to flowering time (Fig. 2a,b) . Thus, the strongest vernalisation response was observed in the late flowering wild-type accessions (0 bp INDEL), followed by the intermediate flowering 1, 208 bp INDEL accession, and finally the early flowering 1,423 bp and 5,162 bp accessions, both of which had a small response to vernalisation (Fig. 2b) . Accordingly, the large differences in rate to flowering 
Flowering time is earlier and vernalisation responsiveness is reduced or effectively lost in accessions with a deletion genotype
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Orthogonal contrasts revealed that the flowering behaviour of the representative subset was consistent with the larger association study (Fig. 2) . INDEL genotype by vernalisation treatment interactions were highly significant (P < 0.001), and ranked in the same order as previously. Thus, the wild-type 0 bp deletion was much more vernalisation responsive than the 1,208 bp deletion (P diff < 0.001), which in turn was more responsive than the 1,423 bp and 5,162 bp INDELs (P diff < 0.001) which had a similar low response to vernalisation (P diff = 0.883) ( Table 2 ). The two accessions with the 5,162 bp deletion genotype also had a similar low response to vernalisation (P diff = 0.450), although P29039 was always slightly later flowering than Krasnolistny (P diff < 0.001) ( Table 2 ).
( Table 2 preferred position). This article is protected by copyright. All rights reserved.
LanFTc1 is expressed to varying degrees in accessions with a deletion genotype independently of vernalisation treatment
categories by the mid-vegetative stage (Fig. 3b) . Finally, the wild-type (0 bp deletion) had a slow linear increase in relative gene expression throughout the vegetative phase, starting from the lowest level of expression at the 4-leaf stage, and reached similar levels to the three deletion categories by the onset of flowering (Fig. 3b ).
( Figure 3 preferred position) .
Characterising the LanFTc1 promoter region This article is protected by copyright. All rights reserved.
We next explored variation in the C H and C M critical regions that may explain differences in vernalisation responsiveness and LanFTc1 expression. Both critical regions were screened for candidate transcription factor binding motifs that may have roles in the repression of LanFTc1 within the P27255 representative wild-type sequence from the comprehensive list compiled by . A total of 31 individual motifs were found within the C H region, including six in which the motif overhangs the C H region and the adjacent 5' wild-type sequence and/or contains an alternative SNP allele in one or more vernalisation responsive accession(s) ( Tables S4 and S5 ). Meanwhile as many as 168 individual motifs were identified within the C M region, including seven for which one or more vernalisation responsive accession(s) have SNPs (Tables S4 and S5 ). Among all of the motifs identified upstream of the coding sequence within the 5' regulatory region and 5' UTR, the binding sites for three and five types of transcription factors were unique to the C H and C M regions, respectively, including several reported to have roles in determining flowering time (Table 3) . Only a single type of transcription factor, named BRI1-EMS-SUPPRESSOR 1 (BES1), was common to both critical regions yet absent in the remainder of the adjacent 5' UTR and 5' regulatory region.
( Table 3 preferred position).
Assessment of linkage disequilibrium in the LanFTc1 genomic region
To rule out the involvement of other polymorphisms in the LanFTc1 gene region being involved in modifying vernalisation responsiveness, we measured the association of each polymorphism with the vernalisation responsiveness phenotype. A total of 48 INDELs and 206 SNPs were used for pairwise calculation of linkage disequilibrium (r 2 ) with the vernalisation responsiveness genotype.
Low r 2 values of 0.35 or less were observed for the vast majority of polymorphisms (Fig. 4) . One INDEL point at 752 bp in the P27255 wild-type reference sequence, which represents the 1,423 bp deletion in the 5' regulatory region, was the only variant with an r 2 value of 1.0 and perfect linkage with the vernalisation responsiveness phenotype (Fig. 4 ). ). There was an additional small association with vernalisation responsiveness for a 1 bp INDEL at position 3,215 bp relative to the P27255 wild-type sequence (PLINK linear regression, Bonferroni adjusted P = 0.04) (Fig. 4) . variants outside of this 13kb genomic region are also strongly or perfectly associated with vernalisation responsiveness. Lastly, we found strong evidence that the 5,162 bp deletion corresponds to Jul, supporting previous speculation that these two dominant early flowering time genes discovered independently in Australian and European breeding programs (Rahman & Gladstones, 1972) are in fact different alleles of the same gene, LanFTc1. We are currently developing bi-parental genetic populations to confirm this conclusion.
To the best of our knowledge, this is the first report of a naturally occurring series of mutations in the non-coding region of a floral integrator gene in any legume species. However, it adds to a growing list of literature similarly reporting series of cis-regulatory variants of vernalisation and photoperiodic pathway genes in Arabidopsis and cereal crops. The largest and most widely published allelic series identified to date involves VRN-1, a MADS-box transcription factor that is orthologous to APETALA1 in Arabidopsis (Yan et al., 2003) and which is involved in maintaining down-regulation of floral repressors following vernalisation within members of the Poaceae family (Chen & Dubcovsky, 2012) . Within the promoter and intronic regions, a staggering number of INDELs ranging in size from 20 bp to 6,850 bp, in addition to a single SNP, have been identified in the A, B, D and G genomes of various di-, tetra-and hexaploid wild and domestic wheats and their progenitors (Fu et al., 2005; Golovnina et al., 2010; Konopatskaia et al., 2016; Milec et al., 2012; Muterko et al., 2015; Santra et al., 2009; Shcherban et al., 2012; Takumi et al., 2011; Yan et al., 2004; Zhang et al., 2015) , plus the H genome of barley (Hordeum vulgare L.) (Fu et al., 2005) . Our study also adds to others in Arabidopsis (Liu et al., 2014; Schwartz et al., 2009) , perennial ryegrass (Lolium perenne) (Skøt et al., 2011) , and wheats and barley (Chen et al., 2013; Yan et al., 2006) showing that FT orthologues have This article is protected by copyright. All rights reserved.
similarly been a common target for the evolution of natural flowering time variation in a range of plant families. Lastly, a series of 7 bp tandem repeat INDELs has also been identified in Arabidopsis to modify the cis-regulation of CONSTANS (CO), a gene which encodes a zinc-finger transcription factor responsive to the photoperiodic and circadian clock flowering pathways (Rosas et al., 2014) .
Implications for breeding and expansion of the adaptive range of narrow-leafed lupin (Table S2a ).
Similar to the 1,208 bp deletion identified in wild germplasm from Israel, it is interesting to note that
Jul is thought to have originated from the same region of the Middle East (Mikołajczyk, 1966) .
Evaluation studies of previous germplasm collection trips (Clements & Cowling, 1994; Gladstones & Crosbie, 1979 ) and a recent genetic and adaptive diversity analysis (Mousavi-Derazmahalleh et al.,
2017) have identified the Eastern Mediterranean and Northern Africa (including but not limited to
parts of Morocco, the Middle East, and Aegean islands) as key geographic regions associated with early phenology in the natural habitat of L. angustifolius. The lower elevation and latitude of these regions, in combination with reduced, variable rainfall and increased seasonal temperatures, results in shorter growing seasons with heightened abiotic stresses that drive phenological evolution (Berger et al., 2008b; Berger et al., 2017) . Therefore, it is possible that valuable cis-regulatory variations of LanFTc1 or other genes regulating time to flowering exist in wild populations of narrowleafed lupin from these origins. We are currently exploring this possibility in our research activities.
Understanding the regulation of FT homologues and the mediation of vernalisation responsiveness in the legume family
In addition to the potential benefits to narrow-leafed lupin breeding, the discovery of two new Alternative ways in which the INDEL series may instead modify cis-regulation of LanFTc1 is through changing the profile of transcription factor binding sites within the promoter region or their capacity to be bound. A straightforward explanation is the complete removal of transcription factor binding site motifs from within the three deletions. We refined a list of candidate transcription factor motifs from Nelson et al. (2017) , revealing a total of 168 and 31 individual motifs present in the wild-type
promoter sequence yet which are absent in the C M and C H regions, respectively (Table S4 and S5 ).
However, this is still an extremely large number of candidate transcription factor motifs, and it will be very difficult to further resolve which may or may not have functional roles in LanFTc1 regulation, especially if no further variants are found overlapping this region.
Copy number of transcription factor binding sites also represents another possibility of cis-regulatory modification. As has been demonstrated in Arabidopsis, increasing from three to four tandem repeats of a 7 bp motif for CYCLING DOF FACTOR 1 (CDF1) in the promoter of CO increases the daytime repression of this gene and significantly delays flowering time (Rosas et al., 2014) . We identified motifs for the binding site of a single transcription factor, named BES1, present once within the C H and twice within the C M critical regions (Tables 2, S4 and S5 ), yet nowhere else in the 5' UTR and 5' regulatory region of LanFTc1. In Arabidopsis, BES1 interacts with EARLY FLOWERING 6 (EF6) and RELATIVE OF EARLY FLOWERING 6 (REF6) proteins to respectively repress the photoperiodic pathway, through unknown means, and FLOWERING LOCUS C (FLC), a repressor of FT that is itself repressed by vernalisation (Noh et al., 2004; Yu et al., 2008) . Therefore, although both FLC and REF6 are apparently absent from the narrow-leafed lupin genome (Hane et al., 2017) , there is precedence for BES1 involvement in the regulation of flowering time and it is conceivable that it could be editing tools, such as the CRISPR/Cas-9 system (Bortesi & Fischer, 2015) , and more efficient transformation protocols in narrow-leafed lupin (Barker et al., 2016) , it may be feasible to modify BES1 binding site motifs in the wild-type sequence to test the validity of this hypothesis in future. If BES1 has a role in regulating LanFTc1, BES1's known involvement within the photoperiodic pathway could explain why cultivars with the 1,423 bp deletion are also less responsive to inductive long days This article is protected by copyright. All rights reserved. found disrupting some of these motifs. Therefore, it seems unlikely that any of these motifs are functional or critical to LanFTc1; however, further research will be required to better characterise other motifs adjacent to the large deletions.
Despite our lack of knowledge as to how they impact gene expression, the discovery of the INDEL variant series in the 5' regulatory region of LanFTc1 has provided us with a rare opportunity to better explore possible ways in which FT homologues are regulated, and vernalisation responsiveness is mediated, at the molecular level outside of the Brassicaceae and Poaceae. At present, our greatest understanding concerning vernalisation response within the legume family comes from Medicago truncatula (Weller & Ortega, 2015) . In this model species, an FTa1 homologue is upregulated following the return of warm conditions post-vernalisation, and loss-of-function mutations within the coding sequence render plants insensitive to vernalisation (Laurie et al., 2011) .
Three induced mutant lines with dominant early, vernalisation-insensitive flowering have been shown to contain transposon insertions in the large third intron or the 3' regulatory region that result in up-regulated expression of FTa1, suggesting that these genomic regions are important sites for conferring transcriptional repression in the wild-type (Jaudal et al., 2013) . However, similar to the present story in narrow-leafed lupin, it is unknown what elements within these regions are important for the vernalisation pathway and FTa1 transcription. Thus far, it appears that methylation in the FTa1 genomic region is unlikely to play a role, with no differences observed between the mutants with induced transposon insertions and wild-type plants (Jaudal et al., 2013) .
The discovery of further INDEL variants in LanFTc1 could provide further clues of how signalling mediated through the vernalisation pathway is centred on FT homologues at the molecular level in the Fabaceae. This article is protected by copyright. All rights reserved. This article is protected by copyright. All rights reserved. This article is protected by copyright. All rights reserved. phenotype. Asterisks denote significant associations between polymorphisms and the vernalisation responsiveness phenotype (Bonferroni adjusted P values: * 0.01 < P < 0.05; ** 0.001 < P < 0.01; *** P < 0.001).
TABLES
